suggests the involvement of multiple pathways and cofactors (Loktev & Jackson, 2013) . Recently, several nonciliary plasma membrane proteins were also shown to reach to the ciliary compartment by a nonspecific diffusion, which was controlled by transportin 1 (Madugula & Lu, 2016) . These findings revealed multiple pathways and controls for ciliary targeting of transmembrane proteins.
On the other hand, regulation of the ciliary localization of nontransmembrane proteins is less well understood. Several types of lipid modifications, such as myristoylation (Jaiswal et al., 2016; Wright et al., 2011) , palmitoylation (Cevik et al., 2010) and farnesylation (Fansa, Kosling, Zent, Wittinghofer, & Ismail, 2016; Humbert et al., 2012) , have been shown to be involved in ciliary targeting. Other clues have come from research on diverse heritable ciliopathies, where misregulation of ciliary molecular targeting leads to severe defects in ciliary functions (Cantagrel et al., 2008; Li, Ling, & Hu, 2012) . Notwithstanding, despite intense efforts, the attempt to extract a minimal set of factors involved in ciliary targeting has, so far, not succeeded.
One particular pathogenic mutation found in a nontransmembrane ciliary protein is a deletion of the sixth serine (ΔS6) of X-linked retinitis pigmentosa protein 2 (RP2), which localizes to the ciliary apparatus of the photoreceptor cells and regulates vesicular transport from the Golgi to the cilium (Evans et al., 2010) . This protein contains both myristoylation and palmitoylation sites in its N-terminal end as well as a cluster of basic amino acids (Chapple, Hardcastle, Grayson, Willison, & Cheetham, 2002) . The ΔS6 mutation abolishes its plasma membrane localization by affecting the acyl modification (Chapple et al., 2000) . A subset of Src family tyrosine kinases, including Lck, Fyn and Yes-1, but not Src itself, also contains a similar dual lipidation motif at their N-terminal end (for review see Aicart-Ramos, Valero, & Rodriguez-Crespo, 2011) . For these proteins, after the cleavage of the initial methionine by methionyl aminopeptidase, covalent addition of myristate to the second glycine is catalyzed by a well-characterized enzyme, N-myristoyltransferase (NMT), which recognizes an N-terminal G(S/T/C) consensus sequence (Farazi, Waksman, & Gordon, 2001; Maurer-Stroh, Eisenhaber, & Eisenhaber, 2002) . In addition, a cysteine residue(s) is subsequently subjected to palmitoylation, and the overall process is known as a myristoylation-dependent palmitoylation reaction (Chapple et al., 2002; Navarro-Lerida, AlvarezBarrientos, Gavilanes, & Rodriguez-Crespo, 2002) . Here, we demonstrate that this motif serves as a minimal amino acid sequence that functions as a ciliary targeting signal for protein molecules. Our results reveal a novel molecular targeting mechanism directed to the primary cilium, mediated by an N-terminal dual lipidation-coupled ciliary targeting signal (nlCTS). Moreover, we identify the factors involved in each step of the pathway.
| RESULTS AND DISCUSSION

| An N-terminal dual lipidation motif is sufficient for ciliary targeting
To investigate the dual lipidation-coupled ciliary targeting mechanism, a set of EGFP fusion constructs were generated, adding amino acid residues 1-16 of RP2 (RP2 1-16 ), 1-10 of Lck (Lck 1-10 ), 1-10 of Fyn (Fyn 1-10 ) and 1-7 of Src (Src 1-7 ) to the N-terminus of the EGFP gene (Figure 1a) . The initial methionine of EGFP was mutated to alanine to avoid translation starting from the intrinsic EGFP starting codon, which could potentially produce EGFP alone ( Figure S1 ). Expression of these EGFP fusion proteins in retinal pigmented epithelial (RPE) cells clearly showed ciliary localization of the RP2 1-16 -, Lck 1-10 and Fyn 1-10 , but not the Src 1-7 -EGFP fusion protein (Figure 1b) . In addition to the ciliary localization, the Lck 1-10 construct showed pronounced perinuclear localization which was identified as Golgi body by costaining with the Golgi marker protein golgin-97 ( Figure S2 ), whereas RP2 1-16 and Fyn 1-10 showed plasma membrane-associated localizations.
A set of amino acid substitutions were introduced to identify the amino acids critical for ciliary localization. Characteristic accumulation of EGFP alone to the ciliary base was consistently observed (Figure 1c , EGFP image), which was regarded as a nonspecific binding signal in our experimental system. Myristoylation was primarily required for the ciliary targeting, as Lck 1-10 [G2A]-EGFP was clearly absent from the cilium (Figure 1c) . A comparison of Lck 1-10 [C3A,C5A]-EGFP and Lck 1-10 [C5A]-EGFP revealed that at least one palmitoylation was required in addition to the myristoylation to efficiently target the respective EGFP fusion protein to the cilium. RP2 1-16 contains a characteristic KRRK cluster of basic amino acids. When this sequence was fused with the Lck sequence (Lck 1-6 + RP2 7-16 ), the EGFP signal was almost exclusively observed in the cilium. However, the KRRK sequence itself did not function as a ciliary targeting signal, as the fusion of this sequence with Src showed no ciliary signals (Figure 1c , Src 1-6 + RP2 [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] ). The requirement of palmitoylation was further investigated by treating the cells with 25 μM 2-bromopalmitate to block palmitoyltransferase activity (Pedro et al., 2013) . Neither RP2 1-16 -EGFP nor Lck 1-10 -EGFP were targeted to the cilium under this condition (Figure 1d ), demonstrating that dual acylation is needed for the nlCTS transport system. Lck 1-6 + RP2 7-16 -EGFP was expressed in several other ciliated cell lines. Although its accumulation rate in the cilium varied slightly, clear EGFP signals were observed in the primary cilium of kidney epithelial cells (MDCK), neuroblastoma cells (NB1), fibroblasts (NIH3T3) and human embryonic kidney cells (HEK293T) (Figure 1e ). These results demonstrate a general role of the nlCTS pathway in a variety of different cell types.
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| A Golgi-localized palmitoyltransferase
DHHC-21 plays a key role in the ciliary entry of nlCTS and its stability
There are at least 23 palmitoyltransferase genes in the human genome, and they all contain a conserved DHHC domain and catalyze palmitoylation at cysteine residues (Ohno, Kihara, Sano, & Igarashi, 2006) . Many of these enzymes contain transmembrane domains and are localized to Golgi or ER membranes, exposing the palmitoyltransferase catalytic domain to the cytoplasmic side (Politis, Roth, & Davis, 2005) . Among them, DHHC-21 was reported to palmitoylate Fyn (Mill et al., 2009; Tsutsumi et al., 2009) . Therefore, the involvement of DHHC-21 in ciliary targeting of nlCTS-tagged proteins was investigated. When FLAGtagged DHHC-21 was expressed in RPE cells and tested for coprecipitation with nlCTS-EGFPs, all of the nlCTS-EGFPs tested (RP2 1-16 , Lck 1-10 , Lck 1-10 /C5A and Lck 1-6 + RP2 7-16 ) were coprecipitated, whereas none of the fragments lacking palmitoylation sites could be detected (Figure 2a ). This association was dependent on the palmitoyltransferase activity of DHHC-21: A DHHC-21 mutant carrying a critical cysteine-to-serine substitution that abolishes its enzymatic activity (Swarthout et al., 2005) did not interact with the Lck 1-10 fragment ( Figure 2b ). Microscopic observation of mCherry-fused DHHC-21 expressed in RPE cells revealed that this enzyme itself was not localized in the cilium, but localized predominantly to the Golgi apparatus (Figure 2c ), suggesting a transient localization of nlCTS fragments at the Golgi for palmitoylation. Transfection of an siRNA for DHHC-21 suppressed the protein level to ~23% in 24 hr ( Figure S3 ). Under this condition, the respective ciliary localizations of RP2 1-16 -EGFP and Lck 1-10 -EGFP were abolished ( Figure 2d ). To eliminate the off-targeting effect, siRNA targeting another region of DHHC-21 was also tested and the same result was obtained ( Figure S4 ). These findings demonstrate that DHHC-21 is the key palmitoyltransferase regulating the nlCTS pathway.
In an interesting manner, knockdown of DHHC-21 coincided with reduced amounts of cellular nlCTS-tagged reporter fragments. Western blot analysis of whole RPE cell lysates showed that the amounts of RP2 1-16 -EGFP, Lck 1-10 -EGFP and Lck 1-6 + RP2 7-16 -EGFP were reduced to 18.4%, 55.3% and 52.0% in 48 hr, respectively (Figure 2e ). This reduction was not observed with the fragment lacking palmitoylation sites (Lck 1-10 [C3A,C5A]-EGFP). This reduction was reversed by treating the cells with the proteasome inhibitor MG132 (Figure 2f ). These findings reveal that nonpalmitoylated nlCTS-tagged Relative signal intensity
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proteins are unstable in the cytoplasm and are subjected to proteasomal degradation. Thus, palmitoylation of nlCTSs appears to be important not only for ciliary targeting but also for the stability of the respective proteins.
| Ciliary targeting of nlCTS proteins is dependent on the molecular size and the cholesterol content of the ciliary membrane
A previous report revealed size-exclusion barrier of the ciliary transition zone which is maintained by nucleoporins, a subunits of the nuclear pore complex (Kee et al., 2012) . To understand the relationship of size-exclusion barrier and the nlCTS pathway, tandemly connected EGFPs were expressed in the RPE cells (Figure 3a ). Both Lck 1-10 and Lck 1-6 + RP2 7-16 could transport two and three tandem EGFPs (~55 and ~80 kDa, respectively) into the primary cilium, whereas the maximum size of the cargo for the nlCTSs containing one palmitoylation site, RP2 1-16 and Lck 1-10 [C5A], was up to one (~28 kDa) and two EGFPs, respectively. It is suggested that the number of palmitoyl modifications correlates with their ability to pass the size-dependent barrier at the ciliary base. The mobility of a ciliary-localized nlCTS reporter protein was analyzed by inverse fluorescent recovery after photobleaching (iFRAP). In this assay, Lck 1-6 + RP2 7-16 -EGFP was expressed in RPE cells and the entire cellular region without the ciliary area was bleached repeatedly (Figure 3b, upper panel) . Time-lapse quantification of ciliary fluorescent intensity revealed the continuous efflux of nlCTS protein (Figure 3c ). This dynamics was fitted well by a two-component exponential decay curve, uncovering fast (mobile) and slow (immobile) populations within the cilium ( Figure S5 ). The proportion of proteins in the fast population was 51.6% of the total, and the half-life for the fast and slow populations in the cilium was 23.2 ± 2.5 s and 634 ± 74 s, respectively (Figure 3d,e) .
The ciliary membrane is enriched in cholesterols, which are known to maintain its fluidity (Chailley & BoisvieuxUlrich, 1985) . As palmitoylated proteins are known to be tethered at cholesterol-rich membrane domains (Brown & London, 2000) , the effect of cholesterol in tethering an nlCTS-tagged reporter protein in the cilium was analyzed using methyl-β-cyclodextrin (MβCD) which reduces the cholesterol content of the membrane (Christian, Haynes, Phillips, & Rothblat, 1997) . Mobility of the ciliumlocalized nlCTS reporter in MβCD-treated cells was significantly enhanced compared to the nontreated cells (Figure 3b,c) . The proportion of reporter protein in the fast population was reduced to 22.2% (Figure 3d ). Although the half-life for the fast population was 36.9 ± 16.7 s and was not significantly changed from nontreated cells, the halflife of the slow population was significantly extended, to 1,354 ± 409 s (Figure 3e ). These analyses demonstrate that ciliary tethering of an nlCTS-containing molecule is regulated by the cholesterol content of the ciliary membrane.
| A model of nlCTS pathway
Our findings in this study revealed that the nlCTS-dependent ciliary targeting pathway is comprised of several steps (Figure 3f ). The nlCTS sequence consists of an N-terminal myristoylation site and at least one adjacent palmitoylation site. After myristoylation by NMT, the nlCTS fragment is subjected to palmitoylation by Golgi-localized palmitoyltransferase DHHC-21. It passes through the size-exclusion barrier of the ciliary transition zone, reaches the ciliary compartment, and is finally tethered to the cholesterol-rich ciliary membrane. Deficiency in this pathway, including the lack of DHHC-21 palmitoyltransferase activity, leads to the rapid degradation of the molecule through the proteasomal pathway. A combination of myristoylation and palmitoylation has been shown to function as a molecular targeting signal F I G U R E 2 Identification of DHHC-21 as a palmitoyltransferase regulating the nlCTS pathway. (a) Coprecipitation assay of DHHC-21 with nlCTS fragments. RPE cells co-expressing nlCTS-EGFP and FLAG-DHHC21 were lysed, and FLAG-DHHC21 was precipitated with anti-FLAG affinity beads. Input and coprecipitated proteins were analyzed by western blot using anti-GFP (upper and middle for motile flagella in Trypanosoma brucei (Emmer et al., 2009) . Our findings have uncovered a similar mechanism in eukaryotic cells that targets nontransmembrane proteins to the primary cilium.
It has been reported that myristoylation alone is not sufficient to stabilize Fyn to the membrane, and additional palmitoylation is needed for stable membrane association (van't Hof & Resh, 1997). As palmitoylation is reversible and often allows proteins to rapidly shuttle between a membranebound form and an unbound cytosolic form (Chisari, Saini, Kalyanaraman, & Gautam, 2007; Rocks et al., 2005) , the observed two populations within the cilium may reflect membrane-bound and unbound forms of the nlCTS proteins (Figure 3b-e) . In pure in vitro systems, cholesterol was shown to have two different effects on membrane fluidity: At low concentrations, it causes a phase separation in the lipid bilayer to create gel-phase aggregations, whereas at high concentrations, it forms a homogenous membrane and maintains its fluidity (Karmakar & Raghunathan, 2005; RedondoMorata, Giannotti, & Sanz, 2012) . It is speculated that the ciliary membrane is highly dynamic, with a high concentration of cholesterol that ensures the rapid dynamic association of dually lipidated nlCTS fragments; on the other hand, reducing the cholesterol concentration by MβCD resulted in the phase-separated aggregation of cholesterol-containing membrane domains and stably tethered nlCTS-tagged proteins in the cilium.
Cells are equipped with multiple ciliary targeting pathways. RP2 protein has been shown to use an importin-dependent mechanism for the ciliary localization (Hurd, Fan, & Margolis, 2011) . As nlCTS of RP2 contains only one palmitoylation site and showed a limited capacity to carry large cargos into the cilium (Figure 3a) , the nlCTS of RP2 might have a supportive effect on the ciliary targeting for this protein. In contrast, nlCTSs Genes to Cells
with multiple palmitoylation sites showed stronger ciliary targeting activity and might be sufficient to function alone. So far, we have found the nlCTS sequences in RP2 and several Src family kinases (Lck, Fyn, Yes-1). Considering the vital functions of these nlCTS-containing proteins, this transport pathway plays an important role in many steps of cell fate determination and disease-related aberrations, and constitutes one of the essential molecular sorting systems in cells to orchestrate ciliary structure and functions.
| EXPERIMENTAL PROCEDURES
| DNA constructs and recombinant proteins
The nlCTS DNA fragments were generated by annealing two complementary single-stranded DNA oligonucleotides, followed by cloning into an EGFP fusion expression vector. The vector was based on pEGFP-N1 (Clontech) and was modified with an initiation methionine-to-alanine substitution in the EGFP gene to avoid nontagged EGFP expression ( Figure S1 ). DHHC-21 expression vectors were kind gifts from Dr. Kihara (Hokkaido University). Palmitoyltransferase-inactive DHHC-21 was made by introducing a cysteine-to-serine mutation at amino acid position 120, using the GeneArt system (Invitrogen). Tandem EGFP expression vectors were made by inserting EGFP cDNA(s) into the pEGFP-N1 vector.
| Cell culture, drug treatment and siRNA
The RPE cell line was purchased from ATCC (hTERT-RPE1). HEK293T, NB1, MDCK and NIH3T3 cell lines were provided by the RIKEN BRC through the National Bio-Resource Project of the MEXT, Japan. Plasmid DNA was transfected using Effectene transfection reagent (Qiagen). For some strains, stably expressing cell lines were established by a standard G418 selection and single clone isolation method. Stealth siRNA against DHHC-21 was purchased (HSS139196, and NM178566-395 (#2) Invitrogen) and transfected using Lipofectamine RNAiMAX (Invitrogen). 2-bromopalmitate and MG132 (Sigma-Aldrich) were added to the culture medium at final concentrations of 25 and 10 μM, respectively.
| Antibodies, immunoprecipitation and western blot
Antibodies used in this study are as follows: anti-acetylated α-tubulin (6-11B-1, Thermo Fisher), anti-GFP (598, MBL), anti-FLAG (F1804, Sigma) and anti-β-actin (A5441, Sigma).
| Microscopy and iFRAP
Microscopy was performed using confocal laser scanning microscopes (FV-1200, Olympus) equipped with a 37°C heating stage and 5% CO 2 supply. For iFRAP analysis, an entire cellular region surrounding the ciliary base was bleached repeatedly during the time-lapse imaging every 30 s for 900 s in total. Fluorescent images were taken every 30 s immediately after bleaching. The signal intensity at the cilium was quantified and statistically analyzed. Curve fitting was performed by Origin software using single-or two-component exponential decay curves.
